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INTRODUCTION
Ecological energetics models suggest that seabirds consume substantial amounts of marine prey, and that competition may occur between seabirds and commercial fisheries (Furness 1982 , Wiens 1984 . Large errors in model outputs can result from inaccurate estimates of metabolic rates, especially costs for thermoregulation and activities such as flight (Furness 1978 , Weathers et al. 1984 , Wiens 1984 , Buttemer et al. 1986 ). Conventional estimates of metabolic rates of free-ranging animals involve multiples of basal metabolic rate (BMR) extrapolated from laboratory to field situations (e.g., Furness 1982 , Wiens 1984 ), but such estimates often deviate widely from direct measurements (e.g., Flint and Nagy 1984) . Also, although BMR may vary with phylogenetic order (Rahn and Whittow 1984) , latitude, and foraging mode (Ellis 1984) , the effects of these variables on other metabolic rates are not known.
The doubly labeled water technique has recently been widely applied to measure field metabolic rates (FMRs) of free-living animals (Nagy 1980 , seabird studies reviewed by Ellis 1984 , Nagy 1987 . Furthermore, the development of self-con-tained, lightweight activity timers has enabled determination of the time that seabirds spend flying, pursuit diving, and surface swimming (Kooyman et al. 1983 , Prince and Francis 1984, Bain 1984, Cairns et al. 1987 ). Simultaneous use of doubly labeled water and activity recorders permits, for the first time, the measurement of activity-specific metabolic rates of freeranging animals. Information from these two techniques will allow the accurate estimation of population energy requirements.
In the present paper, data from doubly labeled water and a new type of activity timer were integrated to measure FMR and activity-specific metabolic rates in a large, upper-trophic-level seabird, the Northern Gannet (Sula bassanus). Metabolism during flight was predicted to be low due to the gannet's aerial foraging mode and large size (Tucker 1973 ), but thermoregulatory costs were predicted to be high due to their cold environment and exposed nests (Ricklefs 1974 , Ellis 1984 . Metabolism measurements of freeliving seabirds were also reviewed to test the hypotheses that (1) metabolic rates of seabirds that engage primarily in flapping flight are higher than those of birds that use primarily gliding flight, (2) seabirds living in cold-water regions have higher metabolic rates than those in warm-water regions, (3) metabolic rates of Procellariiformes birds are lower than those of other seabirds (Rahn and Whittow 1984) , and (4) metabolic rates are correlated closely with BMR. [Nettleship and Chapdelaine 1988] ). Studies were conducted in August 1984 and August-September 1985. Forty adults with chicks were caught at their nests at night (to minimize colony disturbance) and given intrapectoral injections of 1 mL 3HH'80 containing 95 atom % 180 (i.e., 95% of the oxygen atoms were 180) and 78 (1984) or 46 (1985) kBq/mL 3H. Gannets were held in canvas bags for 4 h before 3-10 mL of blood were drawn from a brachial vein into a Vacutainer. Birds were then weighed, banded, fitted with activity timers (see Methods: Activity Data), individually marked with model airplane paint, and released. Individuals were recaught up to three times between 1 and 7 d after injection, and were bled and weighed again.
Blood samples were vacuum distilled (Wood et al. 1975) , and the tritium activities were measured in duplicate or triplicate on 10-(1984) or 100-(1985) AL samples of water in a Beckman LS7500 scintillation counter. One to four mL CO2 were added to the water that remained from each sample (generally 1-2 mL), and the oxygen isotopes of the water and CO2 were equilibrated in a shaking water bath at 250C for 42-46 h. The CO2 was then cryogenically isolated and its 180 fraction determined in a VG Micromass 903E mass spectrometer (VG Isogas, Middlewich, England). Background isotope levels were measured on six uninjected gannets. Standards were prepared by diluting 10 AL injection solution in 20 mL distilled water, and were analyzed in triplicate.
CO2 production (millilitres per gram per hour) and water flux (millilitres per kilogram per day) were calculated for each bird for the interval between initial and final captures, assuming that total body water changed linearly between captures as a constant fraction of body mass (Nagy 1980, Nagy and Costa 1980) . Total body water was estimated from 180 dilution space (Nagy 1983) . FMR (kilojoules per day) was calculated from CO2 production, assuming energy equivalents of 0.0258 or 0.0259 kJ/mL CO2 (1984 and 1985, respectively), and metabolizable energy intake (ME, kilojoules per day) was calculated from water influx, assuming an assimilation efficiency of 0.78 and energy equivalents of 9.65 or 9.56 kJ/ mL H20 (1984 and 1985) . Conversion rates (kilojoules per millilitre CO2 and kilojoules per millilitre H20) were calculated from the species composition by mass of regurgitated food collected at the time of doubly labeled water studies (Birt 1987) , using nutrient data from Montevecchi et al. (1984) and conversion constants from Nagy (1983) . Energy/water conversion rates were corrected for metabolic water production using constants from Nagy (1983) . The slight differences in conversions between years resulted from dietary differences.
Measurements of FMR using doubly labeled water become unreliable as final 180 approaches background , Roby and Ricklefs 1986; P. Tatner, personal communication). To correct for this source of error, all blood samples with 180 enrichments within 2.5% of background (the maximum error on replicate 180 measurements, see below) were excluded from further analyses.
Reliability of the doubly labeled water assay
Several tests were done to determine the accuracy of our doubly labeled water assay. 1) 180 measurements were made both in our laboratory and in an independent laboratory (P. Tatner, University of Stirling, Stirling, United Kingdom) on two background and two high-enrichment water samples. Values were identical.
2) The fraction of oxygen atoms that were 180 was measured in duplicate or triplicate on 14 blood and water samples ranging from 0.1999 to 0.2474 atom %. Differences between replicate measurements were within 1.5 %, with the exception of one pair that differed by 2.5% (mean ? SD = 0.8 ? 0.6%). To determine the effect of 1% errors in 180 5) The equations used in the present study to calculate FMR and water flux assume that total body water changes linearly between captures as a constant fraction of body mass. Although this assumption may not be strictly valid for gannets, we also calculated FMR and water flux using equations that assume constant body water (Nagy 1980, Nagy and Costa 1980) ; these values produced mean (?SD) changes of only 1.9 ? 3.0% in FMR (median = 1.7%) and 2.0 ? 5.7% in water flux (median = 1.1%).
6) FMR was measured on one gannet in 1986 using both the high-enrichment technique (previously validated using respirometry; Nagy 1980 Nagy , 1983 ) and the present technique simultaneously. The FMR measurement from the high-enrichment technique was 6% higher than our mass spectrometer value. Common Murres (Uria aalge) that were studied using the present analytical procedure (Cairns et al. 1988 
Statistics
Data for all variables were independent and approximately normal in distribution (KolmogorovSmirnov test; P > .05), so parametric statistics were employed for all tests. A rejection level (a) of .05 was used. Means are reported ? 1 standard deviation, and regression constants are reported ? 1 standard error. The effects of phylogenetic order, foraging mode, and oceanographic regime on activity-specific metabolic rates of free-living seabirds were determined by analysis of covariance (ANCOVA): using the statistical package SAS, slopes of the log10-log,0 regressions of metabolism vs. body mass were compared; if slopes did not differ, equations were recalculated using the common slope, and the intercepts were compared.
RESULTS

Metabolic rates of Northern Gannets
Twenty-nine of 40 labeled gannets were recaptured a total of 46 times. Final 180 levels of nine birds were too close to background for reliable measurements. 
where y is FMR in kilojoules per day and x is time flying in hours per day (r2 = 0.47; P < .05; Fig. 1 ). When mean daily time spent on water was included in the regression the correlation coefficient did not increase significantly, and the correlation between FMR and time on water was also not significant. There is therefore no evidence that metabolism on water differs from metabolism at the nest. (Table 1) , and with allometric estimates for a 3.21-kg bird. For example, FMR is 1.6 x as great as predicted by the equation of King (1974) , and metabolism at the nest J. A. Gessaman and K. A. Nagy (personal communication) found that metabolic rates during flight were 3/3% higher in pigeons wearing radio transmitters (2.5% of body mass) than in controls. Activity recorders used in the present study weighed only 0.25% of a gannet's mass ). During flight, these timers were tucked with the feet in the undertail coverts, so would interfere with aerodynamics much less than would a transmitter strapped to the back or breast. FMRs of gannets equipped with activity timers (N = 13) did not differ from those of birds without timers (N = 7; t test; P > .50). 
Metabolizable energy intake of gannets estimated from water influx was 27% lower than FMR (Table 2). Calculations of water influx and ME involve several more assumptions than do calculations of FMR (Nagy 1980, Nagy and Costa 1980). For example, they require accurate evaluation of the preformed and metabolic water contents of the diet, and assume that little or no water is ingested. Ingestion of water by gannets is prob-
Metabolic rates offree-living seabirds
To gain further insight into the causes of the high metabolic rates of Northern Gannets, we reviewed labeled-water studies of seabirds. FMRs and metabolic rates at the nest, at sea, and flying (or pursuit diving for penguins) of 23 species were obtained from the literature (Table 1) . Not all FMR measurements were comparable since some studies were conducted during incubation and brooding, when seabirds spend 50% of their time at the nest and -50% at sea, and others were undertaken during courtship and postbrooding, when seabirds spend most of their time at sea. To make FMR measurements more comparable in this respect, values for birds studied during courtship and postbrooding were recalculated as the mean of rates at the nest and at sea. The allometric effects of foraging mode (pursuit diving, primarily flapping flight, primarily gliding flight), oceanographic regime (cold-or warmwater region), and phylogenetic order (Sphenisciformes, Procellariiformes, Charadriiformes) were analyzed by ANCOVA (see Methods: Statistics).
Metabolic rates at sea for free-living seabirds average 3.78 ? 1.59 x BMR (N = 1; Table 3 
where y is metabolism at sea in kilojoules per hour and x is mass in kilograms (r2 = 0.91; N= 15; P < .001; Table 4 ). Neither the slopes nor the intercepts of the allometric equations for cold-(N = 10) and warm-(N = 5) water seabirds differ; this similarity may result from thermal production during activity. The allometric equation for seabirds using primarily flapping flight (diving petrels, gannet, gulls; N = 5) does not differ from that for pursuit divers (penguins; N = 5), but when data for flapping fliers and pursuit divers are pooled, the intercept is significantly higher than that for seabirds using primarily gliding flight (albatrosses, storm-petrels; N = 5; F1 12 = 1 1.4; P < .01; Fig. 3 ; Table 4 
where y is metabolism during flight in kilojoules per hour and x is mass in kilograms (r2 = 0.89; N = 6; P < .01; Fig. 4 ; Table 4 ). Due to the small sample size, this equation is considered tentative. No conclusions can be drawn regarding the effect of foraging mode on flight metabolism, but values for the albatrosses, which have a special winglock mechanism that probably conserves energy during flight (Furness and Monaghan 1987), are lower than the allometric estimates (Fig. 4) . Metabolic rates at the nest of free-living seabirds TABLE 4. Statistics for log10-log10 regressions of field metabolic rate and activity-specific metabolic rates against mass (in kg) for free-living seabirds. Equations for all seabirds are from least squares regressions; all other equations are from ANCOVA, using common slopes.
Group
Intercept ( 
where y is FMR in kilojoules per day and x is mass in kilograms (r2 = 0.92; N= 23; P < .001; Table 4 
(r2 = 0.95; P < .001; Table 4 ).
Our observations that FMR is elevated in cold-water seabirds, and that FMR and metabolism at sea are higher in flapping fliers than in gliding fliers concur with the trends reported by Ellis (1984) for BMR. Rahn and Whittow (1984) found that BMRs of Procellariiformes birds are lower than those of other seabirds, but we found no differences in scaling of either FMR or metabolic rate at sea between Procellariiformes birds and other species.
Conclusions
FMR and metabolic rate at sea of Northern Gannets are 1.9 and 1.8 x as high respectively as the general allometric estimates in Table 4 (Fig. 6, Table 4 where y is FMR in kilojoules per day and x is BMR in kilojoules per day; r2 = 0.60; P < .001). In contrast, BMRs of gannets are apparently not elevated, despite high field and activity-specific metabolic rates, and FMR averages 6.6 x BMR. Unlike cold-water seabirds such as alcids, gannets winter at low latitudes and probably evolved in tropical or temperate areas (Nelson 1978) , so may have retained a low BMR. BMR and thermoregulation in the gannet require further study.
Estimates of gannet population energetics using conventional extrapolations of BMR ) have underestimated fish consumption by >300%, largely because of thermoregulatory costs (Montevecchi et al. 1988 ). Field and activity-specific metabolic rates of gannets expressed as multiples of metabolism at the nest, which includes thermoregu- Table 1 for species symbols and references. latory costs, are similar to those of other species (Table  5) , and FMRs of 10 species of seabirds listed in Table  1 are highly correlated with metabolism at the nest (y = 186[?386] + 1.53[+0.26]x, where y is FMR in kilojoules per day and x is metabolism at the nest in kilojoules per day; r2 = 0.82; P < .00 1). Although this relationship may result partially from nonindependence of the metabolism measurements (e.g., FMRs of some species were assumed to be the mean of metabolic rates at sea and at the nest), it may be useful to field ecologists when measurement of metabolism at the nest is easier than measurement of BMR. The present paper also presents a method of analysis of metabolic 
